A well-characterised 14-electron rhodium phosphine complex, [Rh(P i Pr 3 ) 3 ][BAr ; calculations on a model system show that while C-H activation is equally accessible from the b-CH agostic species or an alternative c-CH agostic isomer, subsequent b-H-transfer can only be achieved along pathways originating from the b-CH agostic form.
Transition metal-mediated alkane dehydrogenation is an important methodology for the selective transformation of alkanes. 1 The putative intermediates for such reactions are alkane sigma complexes, which then undergo successive C-H activation and b-H-elimination. For the intramolecular dehydrogenation of alkyl groups it is accepted that C-H activation is usually preceded by a MÁ Á ÁHC agostic interaction (Scheme 1); 2 however, well-defined examples of such complexes that subsequently undergo alkyl dehydrogenation are, to the best of our knowledge, unknown. Indeed, as far as we are aware, there is only one example of a complex where an agostic interaction undergoes C-H activation for which both the agostic and C-H activated product have been crystallographically characterised, 3 and only a few examples where these tautomers are directly observed in solution. 4 We report here the isolation of a ''T-shaped'' 14-electron rhodium phosphine complex, [ H NMR spectrum shows a featureless hydride region at all temperatures. In the solid statez (Fig. 1 ) the structure displays a distorted square planar geometry in which a b-CH agostic interaction from an isopropyl group occupies the fourth coordination site, showing a relatively short Rh1-C1a distance [2.494(12) Å , located Rh1-H1a 1.91(9) Å ] 11 and an acute Rh1-P1-C1a angle . 15 Due to this process and the structural similarity of 4, isolation of 1 by crystallisation at low temperature occurs concomitant with small amounts of 4 (1:4 B 4:1 on the basis of integrals in the 1 H NMR spectrum and X-ray diffraction). The dehydrogenation/hydrogenation equilibrium in solution is shifted towards 4 by successive removal of hydrogen through freezevacuum-thaw cycles, while addition of the hydrogen acceptor t-butylethene (tbe) results in the clean formation of 4 (86% isolated yield). Addition of H 2 to 1 or 4 rapidly generates 5, the latter presumably via 1, showing that the dehydrogenation is reversible. In CH 2 Cl 2 or THF dehydrogenation of 1 also occurs alongside decomposition to unidentified products.
The solid-statez structure of isolated 4 is shown in Fig. 2 and confirms dehydrogenation of one of the isopropyl groups to form an Z 3 -coordinated vinyl phosphine. The rhodium has an approximately square planar geometry, and the featureless high-field region of the 1 H NMR spectrum of 4 (200 K) supports the lack of a hydride ligand. The molecular geometry and structural metrics of the Z 3 -ligand are similar to those reported previously for vinyl phosphines. 6, 7 Mechanistically, phosphine dissociation during the dehydrogenation reaction is discounted as no inhibition is observed in the presence of excess phosphine (10 equivalents), while no dehydrogenation is observed for 3 in C 6 H 5 F. These observations suggest successive C-H activation and b-elimination in 1 followed by loss of dihydrogen (Scheme 1). Two questions thus arise: does C-H activation occur at the b or g position, and how does this affect the ultimate outcome of the reaction (dehydrogenation versus cyclometallation)?
To address these issues we have employed density functional theory calculations 17 to study the reactivity of the model cation, [Rh(PH 2 i Pr)(PH 3 ) 2 ] + , 1 0 . Three forms of 1 0 were located, 1 0 b and 1 0 c, with b-and g-CH agostic interactions, respectively (Fig. 3) , as well as an anagostic form, 1 0 an. For the simple model system 1 0 c is more stable than 1 0 b, reflecting the lesser degree of strain associated with the five-membered Rh-P-C-C-H ring in this case. Although this is contrary to what is observed in the solid-state structure our model does not take into account the effects of ligand bulk which can play a significant role in determining the nature of an agostic interaction. 15 In addition solid-state packing effects may play a role in favouring one agostic form over the other. 1 0 b and 1 0 c are linked via 1 0 an (E = 2.9 kcal mol À1 ), the highest point along this pathway being loss of the b-CH agostic via a TS at 5.9 kcal mol
À1
. 1 0 an corresponds to a very shallow minimum and forms 1 0 c with a negligible barrier (not shown in Fig. 3 ). The low overall activation energies for interconversion between 1 0 b and 1 0 c are consistent with the highly fluxional behaviour observed in the NMR spectra of 1.
C-H activation TS structures were located from both 1 0 b and 1 0 c and the computed activation barriers of 11.9 kcal mol À1 and 11.5 kcal mol
, respectively, indicate that these processes are equally accessible. C-H activation is also endothermic and should be reversible. Importantly, the accessibility of the initial C-H activation does not depend significantly on the nature of the CH agostic bond present in the reactant.
In contrast, b-H-transfer in the C-H activated species 6 0 b and 6 0 c depends markedly on which intermediate is involved. View Article Online
For metallacyclophosphabutane 6 0 c, we were unable to locate a TS for b-H-transfer to Rh. Scans based on the Rh-bH distance led to a steady increase in energy to over 30 kcal mol À1 above 6 0 c. TS structures were located but these were shown to be for a Rh-assisted 1,2 H shift resulting in isomerisation to 6 0 b (E = +31.1 kcal mol
, see ESIw). For 6 0 b, however, a number of low energy b-H-transfer pathways were characterised, two of which are shown in Fig. 4 . In order to complete the dehydrogenation process a cis-dihydride must be formed upon b-H-transfer so that H 2 reductive elimination can be accessed. In Pathway 1 this is achieved by initial b-H-transfer from 6 0 b to form trans-dihydride 7 , although the entropy associated with H 2 dissociation means that the free energy of the products is only +2.9 kcal mol À1 above 1 0 b, consistent with the reversibility of the dehydrogenation.
In conclusion we report a ''14-electron'' T-shaped Rh(I) complex with a supporting b-agostic interaction from an isopropyl phosphine that spontaneously undergoes dehydrogenation (C-H activation followed by b-H-transfer). Calculations show that while both g-and b-agostic interactions can undergo reversible C-H activation to give metallacycle intermediates, subsequent H-transfer is only accessible when originating from the b-agostic form. Therefore only the product of C-H activation at the b-position can lead to productive dehydrogenation.
Notes and references
z Crystallographic data. 1: C 59 H 74.6 BF 24 P 3 Rh, M = 1446.42, monoclinic, P2 1 /n (Z = 4), a = 13.1039 (6) 
